Walking vector soliton caging and releasing by Kartashov, Yaroslav V. et al.
Walking vector soliton caging and releasing 
 
Yaroslav V. Kartashov, Victor A. Vysloukh, and Lluis Torner 
ICFO-Institut de Ciencies Fotoniques, and Universitat Politecnica de Catalunya, Medi-
terranean Technology Park, 08860 Castelldefels (Barcelona), Spain 
 
We address the formation and propagation of vector solitons in optical lattices in the pres-
ence of anisotropy-induced walk-off between ordinary and extraordinary polarized field 
components. Stable vector solitons trapped by the lattice form above a threshold power, 
while decreasing the lattice depth below a critical value results in the abrupt release of the 
caged solitons, that then move across the lattice and may get trapped in a desired lattice 
channel. 
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Optical solitons may appear as scalar (i.e., single-field) or as vector entities, where two field 
components mutually trap together to form a single localized state [1]. Vector solitons are 
encountered in a variety of physical settings [2-12]. The field components forming vector 
solitons may experience temporal [2,4,7-9] or spatial [12] walk-off. In this case walking vec-
tor solitons form when the pulses or beams lock together in spite of the linear drift [7]. Vec-
tor solitons may form not only in uniform materials, but also in waveguide arrays or lattices 
[13-17]. However, to date vector lattice solitons have been addressed only in settings with-
out spatial walk-off between the field components. 
In this Letter we consider vector solitons in optical lattices imprinted in anisotropic 
Kerr media in the presence of Poynting-vector walk-off. Our motivation is to elucidate the 
interplay between walk-off that causes soliton motion and the refractive index modulation 
that restricts soliton mobility [18-23]. We show that, above a threshold power, lattices sup-
port stable elliptically polarized vector solitons that are trapped in a given lattice channel in 
spite of the underlying walk-off. Decreasing the lattice depth results in the release of the 
solitons, that then walk across the lattice and may get trapped in a desired lattice channel. 
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We describe the propagation of two coherently interacting ordinary (  and extraordi-
nary (  polarized waves in a birefringent medium with an imprinted optical lattice with 
the nonlinear Schrödinger equations for the dimensionless field amplitudes  and : 
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Here  are the transverse coordinate and propagation distance normalized to the beam 
width and diffraction length, respectively;  is the refractive index modulation depth and 
the function  describes transverse shape of the lattice. We consider a general 
case of off-axis propagation relative to the crystal optical axis, so that the spatial walk-off 
 determined by the angle between Poynting vectors of  and y  components has to be 
taken into account. Without loss of generality we set the phase mismatch  (  affects 
the energy exchange between components) and the lattice frequency . 
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First, we address the properties of stationary vector solitons supported by the optical 
lattice in the presence of walk-off. Such stationary solutions exist only for zero transverse 
velocity (i.e. they are caged in a lattice channel) and have the form  
and , where b  is the propagation constant, while  
and  are real and imaginary parts of the corresponding fields. Once stationary solu-
tions of Eqs. (1) are obtained, we analyze their stability by adding small perturbations, lin-
earizing Eqs. (1) around the stationary solutions, and solving the resulting linear eigenvalue 
problem for the perturbation profiles and complex growth rates . 
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When  Eqs. (1) have three types of solutions: ,  ("slow" scalar 
mode polarized along x  axis); ,  ("fast" scalar mode polarized along y  axis); 
and ,  (elliptically polarized vector mode). A typical example of elliptically 
polarized vector solitons is shown in Figs. 1(a) and 1(b). Due to the presence of walk-off and 
four-wave-mixing, both x  and y  components exhibit a spatially chirped phase-front, a fea-
ture characteristic of walking solitons [24]. The intensity distributions are modulated due to 
the presence of the lattice. This modulation becomes more pronounced for broad low-power 
solitons, while high-amplitude solitons concentrate in a single lattice site. The energy flow 
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 of elliptically polarized solitons is a monotoni-
cally increasing function of b  [Fig. 1(c)]. Vector solitons bifurcate from "fast" y -polarized 
modes. The fraction of energy  carried by  and y  components as a function 
of b  is shown in Fig. 1(d). Elliptically polarized solitons exist for  and for energy 
flows above a threshold. The cutoff  grows monotonically with increasing walk-off [Fig. 
1(e)] and lattice depth. The threshold energy flow also grows with α . The linear stability 
analysis indicates that "slow" -polarized modes are always stable, while "fast" y -polarized 
mode becomes unstable for  after bifurcation point [Fig. 1(f)]. Elliptically polarized 
vector solitons exhibit complex  dependence with several stability domains. 
x
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Even though the vector solitons are a locked state of two field components that ex-
perience walk-off, rigorous stationary walking soliton solutions do not exist in the presence 
of the lattice. This is a consequence of the broken transverse symmetry of the periodic re-
fractive index modulation. However, under appropriate conditions, vector solitons do walk 
across the lattice (Fig. 2). The central motivation of this Letter is to elucidate the condi-
tions at which the mutual dragging induced by the walk-off becomes dominant over the cag-
ing effect of the lattice, so that vector solitons are released. The phenomenon is best illus-
trated by taking as input vector solitons supported by a given lattice, and then study soli-
ton propagation when decreasing the lattice depth. Such decrease causes a strong energy ex-
change between x - and y -components resulting in enhancement of energy fraction carried 
by the component affected by the walk-off. Hence, the dragging force pulling solitons away 
from the input channel is enhanced so that below critical lattice depth solitons escape and 
start walking across the lattice. Because the walking solitons leak energy when they cross 
lattice channels, they can be eventually trapped in a different lattice channel (Fig. 2). Thus, 
input solitons can be routed to desired output channels by varying the lattice depth. Al-
though soliton releasing and trapping is possible with scalar fields propagating across the 
lattice because of an initial phase tilt, the vectorial interactions are accompanied by energy 
exchange between the field components thus enriching the opportunities to control the out-
put soliton position by varying, e.g., the input power carried by each field component. Note 
also the fundamental difference existing between an input beam with an initial linear tilt in 
a single field and the nonlinear mutual dragging caused by walk-off in vector solitons. 
Figure 3 shows the output lattice channel where walking soliton is located at  
as a function of lattice depth for several values of the input power. The inputs in all cases 
50ξ =
 3 
correspond to the elliptically polarized vector solitons supported by a lattice with . 
The vector solitons start walking across the lattice at . The critical lattice depth 
rapidly decreases with increasing U  [Fig. 4(a)], since corresponding Peierls-Nabarro poten-
tial barrier grows for high-amplitude solitons [22]. Soliton release cannot take place for too 
small energy flows, because for the input vector states the amplitude of -component de-
creases rapidly with decreasing  [Fig. 1(d)]. When such solitons with  are used as 
input, they remain immobile even in shallow lattices. Under proper conditions one can find 
intervals of lattice depths corresponding to routing into channels with progressively increas-
ing numbers [Figs. 3(a) and 3(b)]. At high powers the dependence n  may become ir-
regular [Figs. 3(c) and 3(d)]. 
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Since in actual experiments the shape of input beam is usually far from the shape of 
exact vector soliton it is important to elucidate whether soliton release can be achieved with 
input beams having arbitrary shapes, such as e.g., x,y sech(A )η
β >
0ξ= =q . Figure 2(b) that 
shows propagation trajectories for such input for different lattice depths at A  con-
firms that this is the case, while Fig. 4(b) shows corresponding critical lattice depth versus 
input energy flow. Smaller radiation for sech input is due to the fact that for  in exact 
vector solitons the power carried by the x  component (that is subjected to walk-off) is al-
ways smaller than the power carried by the y  component. This results in additional energy 
transfer from y  to x  component accompanied by stronger radiation than in the case of sech 
input where . 
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Summarizing, optical lattices imprinted in anisotropic Kerr media support stable ellip-
tically polarized vector solitons caged at a lattice channel in the presence of walk-off. Vector 
solitons can walk across the lattice when the dragging induced by the walk-off overcomes 
the trapping induced by the lattice. Vector walking soliton caging and releasing is possible 
not only in harmonic lattices, but in other periodic refractive index landscapes, e.g. in ar-
rays of evanescently coupled Gaussian waveguides. 
 4 
References with titles 
 
1. V. Manakov, "On the theory of two-dimensional stationary self-focusing of electro-
magnetic waves," Sov. Phys. JETP 38, 248 (1974). 
2. C. R. Menyuk, "Stability of solitons in birefringent optical fibers. II. Arbitrary am-
plitudes," J. Opt. Soc. Am. B 5,392 (1987). 
3. D. N. Christodoulides and R. I. Joseph, "Vector solitons in birefringent nonlinear 
dispersive media," Opt. Lett. 13, 53 (1988). 
4. J. M. Soto-Crespo and N. N. Akhmediev, "Stationary soliton-like pulses in birefrin-
gent optical fibers," Phys. Rev. E 51, 3547 (1995). 
5. J. U. Kang, G. I. Stegeman, J. S. Aitchison, and N. Akhmediev, "Observation of 
Manakov spatial solitons in AlGaAs planar waveguides," Phys. Rev. Lett. 76, 3699 
(1996). 
6. E. A. Ostrovskaya, N. N. Akhmediev, G. I. Stegeman, J. U. Kang, and J. S. 
Aitchison, "Mixed-mode spatial solitons in semiconductor waveguides," J. Opt. Soc. 
Am. B 14, 880 (1997). 
7. L. Torner, D. Mihalache, D. Mazilu, and N. N. Akhmediev, "Walking vector soli-
tons," Opt. Commun. 138, 105 (1997). 
8. D. Mihalache, D. Mazilu, and L. Torner, "Stability of walking vector solitons," 
Phys. Rev. Lett. 81, 4353 (1998). 
9. D. Mihalache, D. Mazilu, and L.-C. Crasovan, "Linear stability analysis of walking 
vector solitons," Phys. Rev. E 60, 7504 (1999). 
10. M. Mitchell, M. Segev, and D. N. Christodoulides, "Observation of multihump mul-
timode solitons," Phys. Rev. Lett. 80, 4657 (1998). 
11. E. A. Ostrovskaya, Y. S. Kivshar, D. V. Skryabin, and W. J. Firth, "Stability of 
multihump optical solitons," Phys. Rev. Lett. 83, 296 (1999). 
12. L. Berge, O. Bang, and W. Krolikowski, "Influence of four-wave mixing and walk-
off on the self-focusing of coupled waves," Phys. Rev. Lett. 84, 3302 (2000). 
13. S. Darmanyan, A. Kobyakov, E. Schmidt, and F. Lederer, "Strongly localized vec-
torial modes in nonlinear waveguide arrays," Phys. Rev. E 57, 3520 (1998). 
 5 
14. J. Hudock, P. G. Kevrekidis, B. A. Malomed, and D. N. Christodoulides, "Discrete 
vector solitons in two-dimensional nonlinear waveguide arrays: Solutions, stability, 
and dynamics," Phys. Rev. E 67, 056618 (2003). 
15. J. Meier, J. Hudock, D. Christodoulides, G. Stegeman, Y. Silberberg, R. Moran-
dotti, and J. S. Aitchison, "Discrete vector solitons in Kerr nonlinear waveguide ar-
rays," Phys. Rev. Lett. 91, 143907 (2003). 
16. Z. Chen, A. Bezryadina, I. Makasyuk, and J. Yang, "Observation of two-
dimensional lattice vector solitons," Opt. Lett. 29, 1656 (2004). 
17. Y. V. Kartashov, A. S. Zelenina, V. A. Vysloukh, and L. Torner, "Stabilization of 
vector solitons in optical lattices," Phys. Rev. E 70, 066623 (2004). 
18. A. B. Aceves, C. De Angelis, S. Trillo, and S. Wabnitz, "Storage and steering of 
self-trapped discrete solitons in nonlinear waveguide arrays," Opt. Lett. 19, 332 
(1994). 
19. R. Morandotti, U. Peschel, J. S. Aitchison, H. S. Eisenberg, and Y. Silberberg, 
"Dynamics of discrete solitons in optical waveguide arrays," Phys. Rev. Lett. 83, 
2726 (1999). 
20. Y. V. Kartashov, A. S. Zelenina, L. Torner, and V. A. Vysloukh, "Spatial soliton 
switching in quasi-continuous optical arrays," Opt. Lett. 29, 766 (2004). 
21. R. A. Vicencio, M. I. Molina, and Y. S. Kivshar, "All-optical switching and amplifi-
cation of discrete vector solitons in nonlinear cubic birefringent waveguide arrays," 
Opt. Lett. 29, 2905 (2004). 
22. Y. S. Kivshar and D. K. Campbell, "Peierls-Nabarro potential barrier for highly 
localized nonlinear modes," Phys. Rev. E 48, 3077 (1993). 
23. J. Gomez-Gardenes, L. M. Floria, M. Peyrard, and A. R. Bishop, "Nonintegrable 
Schrödinger discrete breathers," Chaos 14, 1130 (2004). 
24. L. Torner, D. Mazilu and D. Mihalache, “Walking solitons in quadratic nonlinear 
media”, Phys. Rev. Lett. 77, 2455 (1996). 
 6 
References without titles 
 
1. V. Manakov, Sov. Phys. JETP 38, 248 (1974). 
2. C. R. Menyuk, J. Opt. Soc. Am. B 5,392 (1987). 
3. D. N. Christodoulides and R. I. Joseph, Opt. Lett. 13, 53 (1988). 
4. J. M. Soto-Crespo and N. N. Akhmediev, Phys. Rev. E 51, 3547 (1995). 
5. J. U. Kang, G. I. Stegeman, J. S. Aitchison, and N. Akhmediev, Phys. Rev. Lett. 
76, 3699 (1996). 
6. E. A. Ostrovskaya, N. N. Akhmediev, G. I. Stegeman, J. U. Kang, and J. S. 
Aitchison, J. Opt. Soc. Am. B 14, 880 (1997). 
7. L. Torner, D. Mihalache, D. Mazilu, and N. N. Akhmediev, Opt. Commun. 138, 
105 (1997). 
8. D. Mihalache, D. Mazilu, and L. Torner, Phys. Rev. Lett. 81, 4353 (1998). 
9. D. Mihalache, D. Mazilu, and L.-C. Crasovan, Phys. Rev. E 60, 7504 (1999). 
10. M. Mitchell, M. Segev, and D. N. Christodoulides, Phys. Rev. Lett. 80, 4657 
(1998). 
11. E. A. Ostrovskaya, Y. S. Kivshar, D. V. Skryabin, and W. J. Firth, Phys. Rev. 
Lett. 83, 296 (1999). 
12. L. Berge, O. Bang, and W. Krolikowski, Phys. Rev. Lett. 84, 3302 (2000). 
13. S. Darmanyan, A. Kobyakov, E. Schmidt, and F. Lederer, Phys. Rev. E 57, 3520 
(1998). 
14. J. Hudock, P. G. Kevrekidis, B. A. Malomed, and D. N. Christodoulides, Phys. 
Rev. E 67, 056618 (2003). 
15. J. Meier, J. Hudock, D. Christodoulides, G. Stegeman, Y. Silberberg, R. Moran-
dotti, and J. S. Aitchison, Phys. Rev. Lett. 91, 143907 (2003). 
16. Z. Chen, A. Bezryadina, I. Makasyuk, and J. Yang, Opt. Lett. 29, 1656 (2004). 
17. Y. V. Kartashov, A. S. Zelenina, V. A. Vysloukh, and L. Torner, Phys. Rev. E 70, 
066623 (2004). 
18. A. B. Aceves, C. De Angelis, S. Trillo, and S. Wabnitz, Opt. Lett. 19, 332 (1994). 
19. R. Morandotti, U. Peschel, J. S. Aitchison, H. S. Eisenberg, and Y. Silberberg, 
Phys. Rev. Lett. 83, 2726 (1999). 
 7 
20. Y. V. Kartashov, A. S. Zelenina, L. Torner, and V. A. Vysloukh, Opt. Lett. 29, 766 
(2004). 
21. R. A. Vicencio, M. I. Molina, and Y. S. Kivshar, Opt. Lett. 29, 2905 (2004). 
22. Y. S. Kivshar and D. K. Campbell, Phys. Rev. E 48, 3077 (1993). 
23. J. Gomez-Gardenes, L. M. Floria, M. Peyrard, and A. R. Bishop, Chaos 14, 1130 
(2004). 
24. L. Torner, D. Mazilu and D. Mihalache, Phys. Rev. Lett. 77, 2455 (1996). 
 8 
Figure captions 
 
Figure 1. Profiles of (a) x  and (b) y  components of elliptically polarized vector soliton 
at , . In gray regions ; in white regions . (c) 
 versus b  for -, y -, and elliptically polarized solitons at . (d)  
and  versus b  at . Points in (c), (d) correspond to solitons in (a), 
(b). (e) Cutoff for existence of elliptically polarized soliton versus α . (f)  
versus b  for y - and elliptically polarized solitons at . In all cases 
. 
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Figure 2. (a) Dynamics of  component at  (1),  (2), and 0.  (3) when 
input beam corresponds to vector soliton obtained at , . (b) The 
same as in (a) but for sech-shaped input beams and  (1),  (2), 
and 0.23  (3). Distributions corresponding to different  are superimposed. In 
all cases . 
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Figure 3. The number of the output channel versus p  at  for elliptically polar-
ized input vector soliton with (a) U , (b) , (c) , and (d) 7.15  
obtained at . Vertical dashed lines indicate critical lattice depth. 
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Figure 4.  versus U  for (a) elliptically polarized input vector soliton and (b) sech-
shaped input beams at . 
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